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Sensors requirements for the next
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Of course requirements are significantly
different for Vertex, (Outer) Trackers,
Space, and Nuclear applications.

In particular, Timing accuracy depends
on the application:

« Time of Flight (TOF) systems, one or two sensor layers,
require the best possible accuracy,

« Large 4D-tracking systems requiring a good track timing
identification might have a relatively lower (50-100 ps) single
point accuracy requirement, exploiting the capability of
multiple measurements

« 4D-tracking systems that use the temporal information in
their pattern recognition sw require a very high single hit
timing accuracy,
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1) 153/154 are scheduled to start in 2025,2031 at the time of this document.

2) Reported rates are within the bunch trains.

3] LHCh,/ATLAS/CMS consider Planar,/30 sensors at the time of this document for rates and radiation tolerance. Poelated LGADs could already be considered for NAG2,/Klever andfor longer term Verbex
Detectors for iming precision for high timing predsion.

4) The size of wafers achievable can depend on technology (industrial process) with a general trend to benefits from larger areas.

5) Ultrafast timing % 10ﬂps:mldh-ed|ﬂuerﬂvaduevedh\rﬂ|e anoustadmnlugia

) In trackers, coarser | din ities could be consi or MAPSs. Thorough eand cost: ison with Pass would be needed. Pixelated LGADSs could be considered for
pobu\bal\rlgl\ert.n Mg precsion.

7) Two options exist for calorimetry: pads 01) mm pitch with analog readout {applying to all technologies) and particle counting digital with MAPSs 0{50) pm. LGADs could be considered for potentially
higher timing predsion. DRT 3.1 apply w/'o the /%, constraint. DRT 3.4 could achieve higher compactness and be needed for the digital options to integrate full readout within the sensor area.

8) TOF, as ¢ d to 4D-tracking, deicated layers for very high pile-up, beam nduced background or partice identification with highest possible precision. Timing p of sensors w/o
amplifcation (MAPS, planar/30/CMOS passive CMOS) is subject to RED, while LGADs w/ amplification are at this stage expected to ially provide higher precision. DRT 3.1 and DRT 3.4 of Vertex
Detector and Tracker apply with less stringent requirement.

ECFA = s 1 . JWP2-DRD3 Community Workshop, 22-23 March 2023, CERN

Fiironean Committee for



https://cds.cern.ch/record/2784893

" | Detectors needs DRD3

In WP2, the strategy is to develop technologies that may be adopted by
the experiments when the time comes: in the next slides, examples of
needs are summarized.

« There are commonalities in the possible SSD technological choices since
both hadrons and e*e" colliders require low mass, low power, and high-
resolution trackers.

* Nonetheless, hadron colliders necessitate ultra-fast detectors, enabling 4D-
tracking to deal with multiple interactions occurring within a bunch crossing
(pile-up). Detectors at FCC-hh must also achieve unprecedented radiation
hardness.
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In the next few slides, the needs of this group of experiments are outlined.

Disclaimer: the list may be incomplete, other experiments may have
similar requirements.
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} | ATLAS/CMS@HL-LHC DRD3

ATLAS/CMS are planning to install completely new detectors in LS3 (2026-
28). As described in the TDRs, vertex detectors are planning partial
replacement at ~ half lifetime.

The replacement involves the areas more exposed to large fluences and doses.

Similar requirements as the current systems, but of course improvements in terms of pixel size,
material budget and timing will be welcome.

It will represent an Intermediate step for future hadrons colliders, FCC-hh ...

! il R i . JWP2-DRD3 Community Workshop, 22-23 March 2023, CERN



[ ATLAS@HL-LHC IRD3

ATLAS is planning to replace the full Inner System after about half lifetime,
~2000 ifb (LS5?).
« Currently done by LO in 3D (25x100 um? in the barrel and 50x50 um? in the EC, at 34/33 mm

from the IP respectively) and 100um planar sensors in L1.

« A pretty large detector ~2.4 m? (Larger than the current Run3 ATLAS pixel detector)
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| CMS@HL-LHC DRD3

CMS is also planning to replace part of the detector. Similar concept of

accessibility as today, thus allowing more access to damaged parts.
« Planto replace L1 TBPX 3D modules and R1 TFPX R1 planar modules, Area is ~ 0.4 m2.
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CMS@HL-LHC DRDS

CMS is also planning to replace part of the detector. Similar concept of

accessibility as today, thus allowing more access to damaged parts.
« Planto replace L1 TBPX 3D modules and R1 TFPX R1 planar modules, Area is ~ 0.4 m2.
 Done studies to improve timing resolution in the very forward region for pile-up
rejection, also as an intermediate step (LS47?)
« ETL covering a region from 1.6 < |n| < 3.0. Replacing one/two disks or adding one disks in
TEPX could extending timing up to [n]| <4
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= | LHCb@HL-LHC IRD3

Details in LHCb-PUB-2022-001

LHCb Upgrade2 in LS4 (2033-34) LHCB-TDR-023

« The tracking system will consist of a
Vertex Locator (VELO) and tracking
stations placed upstream (Upstream
Tracker, UT) and downstream the Side View Tungse
magnet (Mighty Tracker, MT). The Bigort & m—mw L

Magnet Stations Shielding

&Silicon , RICH2 ”
5 Tracker

. \ﬁ?‘f“
)
4

il

Mighty Tracker will be split in an
Silicon Tracker covering the inner

region, and a Scintillating Fiber V‘&

......

Tracker (SciFi) covering the outer

region.

e Focus on Velo.

Phase-II Upgrade

ECFA
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LHCb@HL-LHC DRD3

Details in LHCb-PUB-2022-001

LHCDb Upgrade2 in LS4 LHCB-TDR-023

« Anew VELO installed in LS2 in 2022. Pixel detector at 5.1 mm from the IP, 55x55 um2,
400 MRad tolerance.

« Two scenarios at different radius/pitch used to target R&D for LS4 upgrade for operation at
inst. luminosity x 7.5 wrt Upgradel. Scenario A (S) (same as in U, at 7.5x lum) <

* 5.1 mm inner radius
* 55 x 55 pym pixels
; atn=35 . atn =3.5 - 6 x 1016 1 MeV neq cm-2 maximum fluence,
Extrapolation Term ° /=, Scattering Term ¢ - 60 mraq) 3 Grad ionising dose

20um 250um
| pixel pitch ixel pitch indri * i
g;4)|(;<emp| c iglsxempn (« | cylindrical i;::.:ruga!:ed L[] h|gh|y non homogeneous

! no foil foil 1alS
i * radiation harder sensors or regular replacement
* >250 Gb/s ASIC bandwith (900 Mtracks/cmz/s)

N

10

Scenario B (Ss)

® 12.5 mm inner radius

® 42 x 42 ym pixels :

* 5x reduction of material budget before 2nd hit
* much thinner RF foil or substitution with

wires
* 8 x 1015 1 MeV neqg cm-2 maximum fluence,
400 Mrad ionising dose
* >94 Gb/s ASIC bandwith

— 4+10%

| 2*U1 Fluence

Inner Radius Sensor [mm]

'R}
6*UL Fluence 1%10

0.6%10%*

Fluence for delivered luminosity of 50 fb~* in 1 MeV neq

8 10 12 i 05 1.0 1.5 2.0 25
Hit Resolution [um] Radiation Length (up to the second hit) (%)
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Details in LHCb-PUB-2022-001

LHCb Upgrade2 in LS4 LHCB-TDR-023

« Anew VELO installed in LS2 in 2022. Pixel detector at 5.1 mm from the IP, 55x55 um2,
400 MRad tolerance.

« Two scenarios at different radius/pitch used to target R&D for LS4 upgrade for operation at
inst. luminosity x 7.5 wrt Upgradel. It is required:

_ _ 20 ps for track (50 ps per hit)
* 50 ps per-hit resolution restore U-1 performance

* plus (at least) one of the following

1-'-| T T

- radiation tolerance to 6 x 10*° 1 MeV n,, cm=2 (or E e F o :
- €5 I =

regular replacement of some modules); ability to deal > [ i

. } 0.6 - '_I_rﬁ.{ﬁ"l* —

with extreme rates (350 kHz/pixel, 250 Gb/s per “Good PV for efiiciency: | et ]

= > 75% of reconstructed (0.4 =+ UI3D _

ASIC) tracks forming the PV nl e + U 3D ]

come from the true PV s — e + U-II 4D B

- 80% X,reduction before 2"d hit (implies operation ;. Cermmmemere — F - Ptsack(has B hadron)
. . . are associated to the -

in the LHC vacuum) and 9 ym hit resolution reconstructed PV .
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Alice 3 Lol CERN-LHCC02022-009

Alice 3in LS4 (2033-34)
« High readout rate, superb pointing resolution and

Superconducting gRicH
magnet system

excellent tracking and particle identification over a

large acceptance.
« Vertex: the first tracking layer must be placed as
close as possible to the interaction point. Detector
must be retractable.

absorber

« A large active area Outer Tracker with barrel and

Muon
chambers

endcap layers over a large acceptance by measuring

abO Ut 10 SpaCe p0| ﬂtS . Figure 1: ALICE 3 detector concept: A silicon tracker composed of cylinders and disks serves

for track reconstruction in the magnetic field provided by a super-conducting magnet system. The

° For P I D . a tl me _Of_ﬂ Ig ht d etector an d a rl n g _i m ag | n g vertex tracker is contained within the beam pipe. For particle identification a time-of-flight detector,

RICH detector, photon detector, and a muon system are employed. The forward conversion tracker
is housed in a dedicated dipole magnet.

Cherenkov detector, both relying on novel silicon
timing and photon sensors.

e Focus on ToF.

= 1 { . i
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Alice 3 Lol CERN-LHCC02022-009

Alice 3 ToF in LS4 (2033-34)
« Atime resolution of 20 ps r.m.s. together with

low material budget of 1-3%X0 and a power
Inner TOF Outer TOF Forward TOF

density of 50 mW/cm2 are the key requirements.  g.gius (m) G5 055 s
 ALICE ToF is an ideal candidate to scale to ¢ range (m) —08a-062 -2.79-2.79 4.05
o Surface (m~) 1.5 30 14
large areas current 4D silicon sensors Ré&Ds, Gkt (i) i 5% 5 eR
as Large area systems as needed for ALICE 3 Hit rats (KHz/on) sy 5 -

_ NIEL (1 MeV ngg/cm?) /month  1.3x 10" 6.2x 10° 2.1 % 10!
have not yet been built. TID (rad) / month 4% 10° 2 x 102 6.6 % 10°
- Three sensor technologies have been identified ~ Material budget (%Xy) 1-3 1-3 1-3

. . . . Power density (mW/cm?) 50 50 50
as candidates for dedicated R&D in the coming Time resolution (ps) o i b
years: fully depleted CMOS sensors, Low-Gain Table 11: TOF specifications.

Avalanche Diodes (LGAD) and Single Photon
Avalanche Diodes (SPAD).

ECFA = " . yWP2 DRD3 Community Workshop, 22-23 March 2023, CERN
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R. A. Khalek et. al.,
NPA 1026 (2022)

EPIC detector@EIC

The Electron-lon Collider project has
received CD1 approval from the US DOE in

2021 and will be built at BNL.

« The EPIC detector design consists of optimized
tracking, PID and calorimeter subsystems.

Detector Il

e NN\ 122447

« Planning for 4D in 3+1 approach, with precise thin N S— EE
S10%L o Past Colliders
. - . . . ‘: E o [ colider Concepts
spatial planes and additional layer dedicated to timing, Bl —
. . g F Ongoing Fixed Target
thus decoupling the requirements on the detector “io°) =L
technology. e -
1034;_ = LHeC/HL-LHC oo
10% é COMPASS H :n(::zrease LHeG/CDR
107 BoDNS ::minosity:HERA to EIC
31:_ HEF:MESN-MC I
ol
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,;:: “ ' EPIC detector@EIC DRD3

The high granularity and low material budget EPIC
vertex and tracking detector in the barrel, hadron
endcap and electron endcap regions. Timing

;1 = layer/plane (AC coupled Low Gain Avalanche

TI=7T L

Diode, AC-LGAD) serves as the outer tracker in
the barrel/ hadron Endcap.

Hadrons = «——— Electrons 5.34m

Detailed detector geometry of the barrel and

Barrel ToF:

* Barrel AC-LGAD tracker (ToF):

* Pixel size 0.5mm by 1.0mm. hadron endcap AC-LGAD tracker (ToF) has been
* 10.9 m? active area with 2.4M channels.
* Spatial resolution 30 um in re. developed .

* Timing resolution 30 ps.

Forward TOF: _—g
Q‘%;_:% * Hadron endcap AC-LGAD tracker (ToF):
£ It \ * Pixel size 0.5mm by 0.5mm.
=—0 F * 2.22 m? active area with 8.8M channels.
—— * Spatial resolution 30 um in xy.
%? * Timing resolution 25 ps.

ECFA L S : \WP2-DRD3 Community Workshop, 22-23 March 2023, CERN
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}< | EPIC detector@EIC DRD3

of rtdrd] ooy ) Additionally, Roman Pots also have
TN ! el B similar requirements:

: « Fast timing (~35ps) to remove vertex

I : = — smearing effect from crab rotation.

: B e 500um x 500um pixels.
« Radiation hardness (although not as

stringent as LHC).

* Central detector spans 9 meters and is machine-component free (except for beam pipe).
* Hadron-going and electron-going directions after central detector fully instrumented.
?,L' Hadron and electron beam cross with an angle of 25 mrad. .

« Large active area (25cm x 10cm).

Finally, the position of LGAD in the
calorimeter is considered.

ECFA et " . yWP2 DRD3 Community Workshop, 22-23 March 2023, CERN
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Belle is planning an upgrade for high luminosity

The Belle Il Detector Upgrade Program

« Medium term ~ 2026-27: A new Vertex Detector might be required to accommodate the new IR

design
Long term beyond 2032:

« Studies have started to explore
upgrades beyond the currently
planned program, such as beam
polarization and ultra-high
luminosity, possibly L. in excess
of 1 x 1036 cm=2s~1. While the
beam polarization has a concrete
proposal, for ultra-high luminosity
studies have just started.

ECFA

Fiironean Committee for
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Subdector Function upgrade idea time scale
PXD Vertex Detector 2 layer installation short-term
new DEPFET medium-term
SVD Vertex Detector thin, double-sided strips, w/ new frontend medium-term
PXD+SVD Vertex Detector all-pixels: SOI sensors medium-term
all-pixels: DMAPS CMOS sensors medium-term
CDC Tracking upgrade front end electronics short/medium-term
replace inner part with silicon medium/long term
replace with TPC w/ MPGD readout long-term
TOP PID, barrel Replace conventional MCP-PMTs short-term
Replace not-life-extended ALD MCP-PMTs medium-term
STOPGAP TOF and timing detector long-term
ARICH PID, forward replace HAPD with Silicon PhotoMultipliers long-term
replace HAPD with Large Area Picosecond Photodetectors long-term
ECL v, e ID add pre-shower detector in front of ECL long-term
Replace ECL PiN diodes with APDs long-term
Replace CsI(T1) with pure CsI crystals long-term
KLM Ky, pID replace 13 barrel layers of legacy RPCs with scintillators medium/long-term
on-detector upgraded scintillator readout medium /long-term
timing upgrade for K-long momentum measurement medium /long-term
Trigger firmware improvements continuos
DAQ PClIe40 readout upgrade ongoing

add 1300-1900 cores to HLT

short/medium-term

_\WP2 DRD3 Community Workshop, 22-23 March 2023, CERN
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LHC timeline DRD3

2022 2023 2024 2025 2026 2027 2028 2029
J[F N_:QFMAM)mEg!f"AMj‘)TA?FXTfI?!F_MAMIWP)FMAM]WD)FMAM))AWD)FMAM&)AWDJFM[.AM))_AWGD)FMAN{)lﬁ.m
ITH | [T LHC and HL-LHC luminosity and
| Run3 Long Shutdown 3 (LS3) . .. . ..
TTmJ \ T irradiation profiles for Radiation

Protection studies
EDMS Document Number: 2641646

2030 2031 2032 2033 2034 2035 2036 2037 2038
I TFMAM) )As‘[ﬁnmAm :Ammn; A SIONE FMIARM [ TA SN T FMAR 3 TA SN TF AR 13 A SIONDE FMIAR 12 A SN AR JA%?D] FMAMI[JASIOIND
’ 3 “

1111

‘Run4 | Lsa | | Runs | |

M

™

Shutdown/Technical stop

Protons physics

fons

Commissioning with beam i . P . P s
Hardware commissioning/magnet training Table 1: Integrated luminosities per calendar year and peak luminosities used for the calculation

of Run 3, Run 4 and HL-LHC collision profiles (proton-proton) for Point 1 (ATLAS) and Point 5

(CMS).
Table 4: Integrated luminosities per calendar year and peak luminosities used for the calculation
of collision profiles (proton-proton) for Point 8 (LHCb). Run Year Integrated luminosity Levelled luminosity
per year [fb™!] [em2s71]
Run Year Integrated luminosity Levelled luminosity
per year [fb~!] [em™2s7!] 2022 35 2.0 x 1034
34
2022 75 20 x 109 Run3 2023 90 wdien-)
55 2024 90 2.0 x 10°
Run3 2023 7.5 2.0 x 10 4
2024 7.5 2.0 x 10% 2025 9% 20> 10
2025 75 2.0 x 10% Long Shutdown 3
Long Shutdown 3 Table 3: Integrated luminosities per calendar year and peak luminosities used for the calculation 2029 18.5 4.0 x 103
5000 650 2.0 x 109 of Run 5 and Run 6 collision profiles (proton-proton) for Point 2 (ALICE). Run4 2030 73.8 4.0 x 1[):::
2030 7.61 2.0 x 1033 2031 215 5.0 x 10
Rund 0, 8.97 2.0 x 10% Run Year Integrated luminosity Levelled luminosity 2032 254 5.0 x 10
2032 10.44 2.0 x 10% per year [fb~!] lem=2571] Long Shutdown 4
Long Shutdown 4 2034 0.0776 2.0 x 10: 2034 270 5.0 % 103
2034 11.1 2.0 x 1033 Run5 2035 0.0812 2.0 x 10;‘ Run5 2035 405 7.5 x 1034
Run5 2035 116 2.0 x 10% 2036 0.0812 2.0 x 10° 2036 405 7.5 x 10%
33
2036 11.6 2.0 x 10 Long Shutdown 5 Long Shutdown 5
Long Shutdown 5 2038 0.0772 2.0 x 103 2038 385 7.5 x 103
2038 12.77 2.0 x 10% 2039 0.0894 2.0 x 10* 2039 445 7.5 x 103
2039 12.77 2.0 x 10% Run6 2040 0.0894 2.0 x 10% Run6 2040 445 7.5 10%
Run6 2040 12.77 2.0 x 10% 2041 0.0894 2.0 x 103! 2041 445 7.5 x 1034
2041 12.77 2.0 x 10% 2042 0.0894 2.0 x 103! 2042 445 7.5 x 1034
2042 12.77 2.0 x 10%3
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Alice has installed a new vertex during Phase-1 upgrade planning for
upgrade in Phase-3

« The main challenge for the physics achievement is the low material budget, only air coolingl low
power.
» Position resolution ~5 pm. radiation hardness modest ().
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